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Abstract—Integral linear epergy transfer (LET) spectra of cosmic radiation (CR) particles were measured |
on five Cosmos series spacecraft in low Earth orbit (LEO). Particular emphasis is placed ou results of

the Cosmos 1887 biosatellite which carried a set of joint U.5.S.R.-U.S.A. radiation experiments involving
passive detectors that included thermoluminescent detsctors (TLDs), plastic nuclear track detectors =
(PNTDs), fission foils, nuclear photo-emulsions, etc. which were located both inside and outside the
spacecraft. Measured LET specira are compared with those theoretically calculated. Results show that

there is some dependence of LET spectra on orbital parameters. The results are used to estimate the CR

quality factor (QF) for the Cosmos 1887 mission.

INTRODUCTION

THE INTEGRAL linear energy transfer (LET) spectra
are important for characterizing cosmic radiation
(CR) because they can be used to esdmate the
absorbed and equivalent particle dose and to evaluate
the respective quality factors. Earlier, the integral
LET distributions were measured in the following

- works: Petrov et al. (1975), Benton (1983, 1986),

and Akopova er al. (1985, 1986, 1987, 1988). As
a rule, these investigations used passive detectors
(plates, emulsions) which permitted measurements
in a restricted LET interval. In some investigations
(e.g. Akopova er al., 1987, 1988; Heinrich, 1977;
Heinrich and Baer, 1984), the LET distributdons
were calculated as a function of shielding. In all of
these theoretical ‘studies, omly the ‘galactc cosmic
ray partcles were regarded as sources of cosmic
radiadon. )

This paper presents tHe results of a recent exper-
imental and calculational study carried out by the
authors. Particular artention was paid to comparing
results obtained by various experimental techniques,
and to finding the laws which govern the dependence
of the forms of the integral LET distributions on
orbital parameters. Measurements were taken in free
space (behind very thin shielding), and inside the
spacecraft where the mean thickness of the shielding
of detectors reached tens of g cm™?. The contribution
of trapped protons and electrons is also taken into
account in the theoretical calculations.

EXPERIMENTAL TECHNIQUES

The use of LET spectral data is nmecessary for
appraising the radiation environment inside space-
craft. Previous measurements were made on board
Cosmos 782, 936, and 1129 using an elecron spec-
trometer, nuclear emulsions, and plastc detectors.
These results have been presented by Benton (1986)
together with dosimetric measurements and LET
spectra obtained on board some of the U.S. Shuttle
flights.

The current work presents the results obtained on
board five Cosmos-type satellites using two types of
detectors, namely, nuclear photo-emulsions (NPE)
and solid state nuclear track detectors (SSNTDs).
The NPE assemblies containing 200 um thick BR-
and BYa-type emulsions wrapped with light-tight
paper and aluminized Lavsan were placed either in
instrument modules outside the spacecraft or inside
the spacecraft. After exposure and recovery, each
layer of emulsion assembly was treated by the
selective-development technique which makes it poss-
ible to control the NPE layer threshold sensidvity in
a broad interval of LET (see Akopova er al., 1983).
The emulsion threshold sensitivity control is based
on the introduction of Br~ ions into an exposed
emulsion layer by diffusion. The Br~ ions.emanated
from BR-type layers (emitters) glued to either of the
surfaces of the exposed layer that bad been jrradiated
beforehand with blue-violet light. The Br~ ion gener-
ation and diffusion from the emitters to the exposed
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lavers gives rise (0 2 negative bromine barner around
the latent image centers. thereby increasing the induc-
tion periods of deveioping centers. The ability of the
centers 1o be deveioped depends. then. upon the ratio
of the height of the barrier restricting the armival of
siectrons at the centers 10 the depth of the potential
well in which the electrons are captured. Thus, con-
wolling the NPE threshold sensitivity is based on
different degrees of dispersion of the latent image
centers produced by particles with different LET
values. The threshold sensitivity of the exposed layer
permits only those particle tracks to be developed for
which the LET is at least equal to some threshold
LET value. Therefore, the technique of finding the
planar fluence of the particles with LET 2 LET trm
does not require the track parametets to be measured
but is reduced to counting the number of the tracks
traversing a parucular section of an NPE surface.
Calibration of the technique was achieved by expos-
ing NPEs to particle beams of well-defined LETs.

We used BYa-type emulsion which permits the
integral LET spectra to be measured within an inter-
val from 12 10 ~10* MeV cm-' of biological ussue
(water), with the lower limit (~12 MeVcm™') being

" defined by the effective sensitivity of the BYa-type
emulsion. To obtain 2 complete LET distributon, we
sometimes used the reladvisuc BR-type emulsion,
thereby making it possible (t0 within a large micro-
scope scanming error) to find the planar fluence
of cosmic radiation partcles at small LET values
(the LET of relativistic protons in tssue is
~2.0 MeVcm~'. The error in counting these tracks
at LET gren = 2.0 MeV cm-! increases (i) due t0 2
high track exposure of the detectors (the satellite
flights lasted, as 2 rule, for more than 10 days) and
(ii) because the operator can easily overlook tracks of
relativistic protons (low graig densities).

The second technique for finding the LET disui-
butons is based on the use of SSNTDs of the CR-39..
CN, and polycarbonate typs, whose effective LET
thresholds of track detection are 40, 1000, and
2250 MeV cm ™! in water, respectively. CN and Lexan
were used in earlier measurements (the ASTP,
Skylab, and Apollo 17 missions). During later flights,
including the 24 initial flights of the U.S. Shuttle, use
was made of SSNTDs of the CR-39, polycarbonate,
and polystyrene types which were subjected after the
flights to the standard NaOH etching with .25 N at
70°C. Preliminary scanning showed that the density
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Fic. 1. The experimental LET obtained from differ-
ent satellites of the Cosmos series at § £ 1.0 gam™* by the
NPE method.

of the tracks detected in polycarbonate and poly-
styrene was very low compared with that of CR-39.
The method for using SSNTD to find the LET
spectra is described in detail by Henke and Benton
(1974).

RESULTS AND DISCUSSION

In Fig. 1 arc shown the results of LET spectra
measurements by the NPE method. The NPE
assemblies were piaced in external instrument
modules on spacecraft with different orbital par-
ameters (see Table 1). For these external assemblies,
the shielding thickness may be considered not 10
exceed ~ 1.0 gcm ™. The shielding of the detectors by
the satellite bodies and by the Earth and the geometry
of the exposures were approximately the same for all
of the flights.

The integral LET spectra shown in Fig. 1 have been
obtained mainly with the BYa-type emulsions, so the
distribution ranged from 12 to 1.5 x 10*MeVem ™' of
tissue. From Fig. | it is seen that the values of the
integral spectrum at the lower LET values were

Table 1. The flight parameters of the satellites on which the NPE assemblies were

exposed )
Cosmos Apogee/ Solar
series perigee Orbial acuvity
satellite Exposure ame (km) inclipation period
1129 Sep. 25-Oct. 10. 1979 406/226 62.8° max
1571 Jun. 11-Jun. 26. 1984 420/3535 70° min
1600 Sep. 27-Oct. 10, 1984 4201354 70° min
1757 Jun. 11-Jun. 19, 1986 252/189 92.3° min
1887 Sep. 29-Oct. 12. 1987 106/224 62.8° min
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obtained using the refadvisuc BR-iype ¢mulsion on
board Cosmos 1571 and 1757 only. [n order to maks
the presentation of dama clear, the experimental
points have beea unified by a solid line of the
approximate form x- L -4 where L is LET in dssue:
z and f§ are constants.

The following preliminary conclusions may be
drawn from the curves presented in Fig. I

(1) experimental values of the integral LET distni-
butions are very close to ¢ach other for the satellites
with similar orbital parameters (Cosmos 1129 and
1887, Cosmos 1571 and 1600);

(2) edects of solar activiry are insignificant (the
values of the spectra obtained from Cosmos 1129 and
1887 are alike); :

(3) slopes of the integral spectra obtained from
satellites differing in orbit inclination, i, are similar to
each other (the spectral index f of all thres spectra for
the LET ranging from 10 to 10° MeV cm ! of ussue
is the same within deviations of + 15%);

(4) values of the LET spectra seem 10 rise with
increasing orbit inclinadon at i 2 60°;

(5) the integral LET spectrum obtained from
Cosmos 1757 is higher than ail the other spectra
despite the fact that the particular orbit was 1.5 dmes
lower in altitude than the other orbits.

A preliminary conclusion may be drawn from
comparing these results with the resuits of Benton
(1983): in the case of highly inclined orbits (i > 60°)
the absolute flux values of the LET specura and,
hence, of the absorbed and equivaleat doses, depend
more swrongly on the orbit inclination (f) than on
alticude (), whereas in the case of low inclinadon
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Fic. 2. The axperimentai and cajculated integral LET
spectra obtained from Cosmos 1887 (outside the satellite).

A

ocbits (i < 60°) their dux values depend more strongly
on aititude than on orbit inclinaton. Further
measuremeats in hign inclinadon orbits are nesded
for verification.

The observaton can be understood by considering
how the various coutribudions (o LET vary with
orbital altitude and inclinaton. Above 60° inclinadon
at low aitirudes galactc cosmic rays dominate the
LET. The GCR is not strongly modulated by altirude
at the altitudes considered, but is modulated by the
rgidity cut-off. which is a funcdon of geomagnetic
lagtude. For lower inclinadoa orbits. trapped par-
deles are more important Trapped partcles are
swrongly modulated with altitude, but ot so swoagly

" modulated with inclinaton.

Figures 2 and 3 preseat the integral LET speciura
obuained from Cosmos 1887 by the NPE and SSNTD
methods. The respectve values for the external as-
semblies are shown in Fig. 2, while the data obtained
inside the satellite are presented in Fig. 3. The wvo
figures aiso show the calculated results obtained by
the method described in Akopova er al. (1987) benind
shielding thickness & = 1.0 gem™? (Fig. 2) and
5 = 1.0, 10.0, and 20.0 gcm™* (Fig. ). The calcu-
lations were made for the Cosmos 1887 orbit par-
ameters. The oumber of histories is 104,

A method for calculating the integral LET spec-
trum of galactc cosmic ray particles is described n
Akopova er al. (1987). Our work is the first o include
both the galactc cosmic ray particles and the radi-
ation beit protons in the region of the South Atlandc
Anomaly (SAA). The LET distribudons from the
protons were determined from the energy spect? of
radiation beit protons caiculated using the Sawyer
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Fig. 3. The experimeatal and calcuiated integrai LET
specra opuined from Cosmos 1887 (inside the sateilite).
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and Vetue (1976) APSMIN trapped proton environ-
ment. Figures 2 and 3 present the total caiculated
LET distributions (the histograms).

The following preliminary conclusions may be
drawn from analyzing the curves presented in Figs =
and 3.

(1) the experimental results obtained by the NPE
-and SSNTD methods are similar in the region where
the LET spectra overlap. thereby indicating that both
methods may be used in studies of this type. The best
agresment between the experiments was obtained
from measurements made inside the spacscraft
(Fig. 3%

(2) the experimental and calculated data are also
in satisfactory agreement with each other. The fact
that the experimental and calculated curves shown in
Fig. 3 are about the same at § = 10.0 ¢ cm =2 seems to
imply that the mean thickness of the shielding of the
detectors was close 10 ~10.0gem™5

(3) it should be noted thart the calculated and
experimental data disagree at small shielding thick-
nesses (6 < 1.0 gcm ™) especially for the lower LET
values (Fig. 2). As shown by a relevant analysis,
85-95% of the spectrum at the LET values from ~10
to 100 MeV cm~! of tissue is due to the radiation belt
protons (on assumption of the isotropic protoun distri-
bution in the SAA). The trapped proton calculations
therefore seem to be less consistent with the exper-
iment than the GCR calculations. However, the
experimental points are scanty in the given LET
range, a fact that should be taken into account in
further studies; .

(4) the results of calculating the integral LET
spectra from galactic cosmic ray particles behind
shielding from 0 to 50 g cm~* were previously done
by Heinrich (1977) and Heinrich and Baer (1584),
where ' the following two main conclusions were
reached, mamely, (i) the specual slopes change at
~10° MeVem-! for all shielding thicknesses and

(ii) the spectral slope angle is independent of shielding *

thickness for LET > 10°MeVem™' and depends
upon the latter (imcreases with thickness) for
LET < 10° MeVem='. Our studies have confirmed
the first conclusion completely. Our calculations have
shown that the slope angles of the LET specura are
alike in the range of LET 2 10° MeV cm ™' where the
value of the spectrum is defined solely by the galactic
cosmic ray particles (mainly, by Fe nuclei). The

contribution of radiation beit protons to the total .

integral LET disuibution decreases with increasing
shielding thickness. The opposing dependencies lead
to the near-independence of the slope angle of the
total GCR and proton distributions on shieiding for

shielding thicknesses up to at least 20 gcm™", for
LET g 10°MeVem™"

We have used our experimental and calculated
LET distribution data to estimate the mean quality
factor (QF) in the Cosmos 1887 orbit behind shield-
ings of 1.0 and 10 gem~*. This applies 1 particles

A. B. AKOPOVA er al.

having LET in tssue from 2.0 to 10° MeVem™' We
used the AESMIN environment (Teague and Vette,
1972) to calculate the doses from the radiation belt
eiectrons in the Cosmos 1887 orbit behund a
1.0 gecm™? shielding. In the case of 2 10.0gcm :
shielding, the electrons were neglected because of
their small contribution to the total dose. We have
found their QF to be 1.3 =02 and 1.7=20.2 at 1.0
and 10.0 gem™}, respectively. These values are in
good agreement with the calculated and experimental
data published elsewhere (Kovalev et al., 1979; Curus
et al., 1986).

In future studies, partcular attention should be
paid to detection of spectra at small LET values. In
addition. knowing the distribution of the spacscraft
shielding is extremely important, as this informadon
will allow 2 more correct comparison berwesn the
calculated and experimental data.

REFERENCES

Axopova A. B., Dudkin V. E., Karpov Q. N.. Melkumyan
L. V. Potapov Yu V. and Rshtuni Sh. B. (1986)
Determination of cosmic radiation characteristcs
aboard Salyut-7 orbital swation. Nucl. Tracks Radiar.
Meas. 12, 485451, .

Akopova A. B.. Dudkin V. E.. Karpov 0. N.. Melkumyan
L. V., Poupov Yu V. and Rshtuni Sh. B. (1988)
Determination of cosmic radiation characteristics on
board Salyut-7 orbital staton. Kosm. Issled. XXV1,
162-165.

Akopova A. B., Dudkin V. E.. Kovalev E. E.. Magradze
N. V. and Pouapov Yu. V. (1987) Linear energy
transfer spectra of cosmic radiation aboard Cosmos-
1129 artfidal satellite. Radiat. Prot. Dosim. 18,
153-156.

Akopova A. B. Magradze N. V. Moiseenko A. A..
Muradvan S. H. and Ovnanyan K. M. (1983) Method
of selective development of thick-layer auclear
emulsions. Preprint EF1-671 (61)-83 of the Yerevan
Physical Institute, Yerevan, U.S.S.R.

Akopova A. B., Vikhrov A. L. Dudkin V. E.. Magradze
N. V., Moiseenko A. A., Muradyan A. H., Ovnanyan
K. M. and Potapov Yu V. (1985) Measuring the linear
energy transfer spectra of cosmic radiation aboard
the Cosmos-1129 satellite. Kosm. [ssied. XXIIL
479481

Benton E. V. (1983) Dosimetric radiation measuremeats in
space. Nucl. Tracks Radiat. Meas. 7, 1.

Benton E. V. (1986) Summary of radiation dosimetry results
on US. and Soviet manned spacecraft. XXVI
COSPAR Meeting, Toulouse. June/Juily. 1986
COSPAR Paper VIL, p. 7.

Curtis S. P., Atwell W., Beever R. and Hardy A. (1986)
Radiation environments and absorbed dose esu-
martions on manned space missions. Ad. Space Res. 6,
269-274.

Heinrich W. (1977) Calculation of LET-spectra of heavy
cosmic ray nuclei at various absorbed depths. Radiar.
Effects 33, 143-148.

Heinrick W. and Baer J. (1984) The radiation situation in
space and its modificauon by geomagnetic fieid and
shieidings. Adv. Space Res. 4, [33-142.

Henke R. P. and Bemon E. V. (1974) Heavy cosmic
rav measurement on Apollc 16 and [7 missions.
Results of the HZE Dosimeter Experiment. Universiry
of San Francisco, CA 94117. Technical Report No. M.

/5

(



COSMIC RADIATION LET SPECTRA e

Kovalev E. E.. Bryskin V. N.. Vinogradov Yu. A. Dudkin Sawver D. M. and Vette 1. T. (1976) AP-8 wapped proton

V. E.. Koziova S. B.. Marenny AL M., Markelov V. V.. enviroameit for solar maximum and soiar muaimum.
Nefedov N. A.. Poapov Yu. V., Redko V. L and NSSDS/WDS-A-R and S-76-%6. National Spacs
Hovanskaya A. L (1979) Measuring the linear <nergy Science Data Center. NASA,/Goddard Spacs Center.
transfer spectra of cosmic radiation on board Cosmos- Greenbeit. MD.
782 saceilite. Kosm. [ssted. XVTI, §54-636. Teague M. J. and Vetre J. T. (1972) The inner ion cleciron
Perrov V. M.. Akatov Yu. A.. Kozlova S. B., Markelov model AE-5. NSSDS 72-10. Nacionai Spacs Scencs
V. V.. Redko V. L. Smireany L. N.. Khorsev A. V. and Data Center, NASA/Goddard Space Center, Greea-
Chernych [. V. (1975) The study of the radiation belt, MD, September (972

environment in pear-Earth space. Space Res. 13, 129.

/87






